Summary Meiotic studies were performed on the populations of four Alepecurus L. species and varieties as well as five populations of two Catabrosa species. Alopecurus textilis showed 2nϭ 8xϭ56 chromosome number, the varieties of A. myosuroides var. myosuroides and A. myosuroides var. breviaristatus showed 2nϭ2xϭ14 and A. arundinaceus possessed 2nϭ6xϭ42. Catabrosa aquatica and C. capusii showed 2nϭ4xϭ20 chromosome number. The chromosome numbers of A. textilis, A. myosuroides var. myosuroides and A. myosuroides var. breviaristatus and C. capusii are new to science, while hexaploid level is new for A. arundinaceus. Tetraploid and octaploid species of Alopecurus and Catabrosa studied formed bivalents in metaphase of meiosis-I, which is considered a diplontic behavior for polyploid species. Grouping of the species by clustering methods based on relative cytogenetical characteristics showed good separation between Alopecurus and Catabrosa species indicating the cytogenetic distinctness of these two grass genera. Cytomixis and chromosome migration occurred in most of the species and populations studied forming aneuploid and polyploid meiocytes. Unreduced pollen grains were formed possibly as a result of cytomixis in the species studied.
There have been many cytogenetic reports on Alopecurus species from different parts of the world (Mehra and Ramanandan 1973 , Engelskjon 1979 , Rapp 1979 , Sieber and Murray 1979 , 1981a , b, Koul and Gohil 1987 , Devesa et al. 1990 , Koul 1990 , Kozuharov and Petrova 1991 , Montgomery et al. 1997 , Goukasian and Nazarova 1998 , however similar studies are totally lacking from Iran, therefore the present study considers cytogenetic analysis of six populations belonging to three species and two varieties of Alopecurus in Iran for the first time.
The Catabrosa species are perennials, rhizomatous or stoloniferous. Their inflorescence is an open or infrequently contracted panicle of many spikelets. The spikelets are with 1-3 florets. The basic chromosome number of the genus Catabrosa is xϭ5 and 2nϭ2xϭ0 and 4xϭ20 have been reported (Watson and Dallwitz 1992) . According to Bor (1970) , two Catabrosa species grow in Iran viz. C. aquatica (L.) P. Beauv., and C. capusii Franch. There have been very limited cytological and phylogenetic studies in the genus Catabrosa and only a few chromosome number reports are available for these species (Love and Love 1981 , Soreng et al. 1990 , Lövkvist and Hultgård 1999 and such studies are totally lacking from Iran. The present study is the first report on chromosome number and meiotic behavior of the five populations of two Catabrosa species growing wild in Iran.
Materials and methods

Plant materials
Meiotic studies were performed on six populations of four Alepecurus species and varieties as well as five populations of two Catabrosa species namely; 1, Alepecurus myosuroides Huds. var. breviaristatus; 2, A. myosuroides var. myosuroides (three populations); 3, A. arundinaceus Poir.; 4, A. textilis Boiss.; 5, Catabrosa aquatica (L.) P. Beauv. (three populations) and 6, C. capusii Franch. (two populations). The voucher specimens are deposited in Herbarium of Shahid Beheshti University (HSB) and TARI.
Cytological preparation and meiotic analysis
Young flower buds were collected from 10 randomly selected plants of each species/population and fixed in glacial acetic acid: ethanol (1 : 3) for 24 h. Flower buds were washed and preserved in 70% ethanol at 4°C until used (Sheidai et al. 1999) . Cytological preparations used squash technique and 2% aceto-orcein as the stain. 50 to one 100 pollen mother cells (PMCs) were analysed for chiasma frequency and distribution at diakinesis and metaphase stages while 500 PMCs were analysed for chromosome segregation during the anaphase and telophase stages. Pollen satiability as a measure of fertility was determined by staining minimum 1000 pollen grains with 2% acetocarmine: 50% glycerin (1 : 1) for about 1/2 h. round. Complete pollens which were stained were taken as fertile, while incomplete, shrunken pollens with no stain were considered as infertile (Sheidai et al. 1999) .
Analysis of variance (ANOVA) followed by the Least Significant Test (LSD) was performed among populations as well as different species studied to detect any significant difference in the relative chiasma frequency and distribution as well as chromosomes association while, c 2 test was performed to detect a significant difference in meiotic abnormalities (Sheidai et al. 2003) . In order to detect significant difference between potential unreduced pollen grains and the normal (reduced pollens), t-test was performed.
In order to study the species relationship based on cytogenetic similarities and also to reveal cytogenetic distinctness of the two grass genera studied, relative cytogenetic data (each cytogenetic parameter divided by the chromosome number) were used. Such relative data make possible the study of the species having different chromosome number (Sheidai et al. 2003) . To estimate species/population similarity as indicated by cytogenetic characteristics, Jaccard and simple matching indices were determined for standardized data (meanϭ0, varianceϭ1). The resulting data matrix was used for cluster analysis using Ward and UPGMA (unweighted paired group with arithmetic average) as well as principal coordinate (PCO) and principal components (PCA) analyses (Sheidai et al. 2003) . In order to test the fitness of different clustering trees to the original similarity of the species studied, cophenetic correlation was determined. SPSS ver. 9 (1998) and NTSYS ver. 2.02 (1998) were used for statistical analyses.
Results and discussion
Ploidy level and chiasma frequency
Details of cytological characteristics are presented in Tables 1-3, Figs. 1-4. Alopecurus textilis showed the presence of 2nϭ8xϭ56 chromosome number, the varieties of A. myosuroides var. myosuroides and A. myosuroides var. breviaristatus showed the presence of 2nϭ2xϭ14 chromosome number, while A. arundinaceus showed hexaploid level (2nϭ6xϭ42, Fig. 1A-C) .
To our knowledge 2nϭ2xϭ56 chromosome number for A. textilis is new to science. Parkash (1979) reported 2nϭ2xϭ14 for A. myosuroides, but no chromosome report is available for the two varieties of A. myosuroides var. myosuroides and A. myosuroides var. breviaristatus, therefore 2nϭ2xϭ14 is new for these varieties too. The earlier studies reported 2nϭ4xϭ28 for A. arundinaceus (Koul and Gohil 1987 , Engelskjon 1979 , Sieber and Murray 1979 , therefore hexaploid level is new for this species.
Among Alopecurus species, the highest value of relative total, terminal and intercalary chiasmata occurred in Noshahr population of A. myosuroides var. breviaristatus (2.43, 1.64 and 0.79 respectively) while the lowest value of the same parameters occurred in Chaloos population of A. myosuroides var. myosuroides (1.49, 1.46 and 0.03 respectively, Table 1 ).
ANOVA followed by the LSD showed no significant difference for chiasma frequency and distribution among Alopecurus species indicating that during species diversification no significant change has occurred in the number of genes controlling chiasma formation. However since variation in chiasma frequency and localization is genetically controlled (Quecke 1993), minor genetic changes leading to meiotic variations is considered as a mean for generating new forms of recombination influencing the variability within natural populations in an adaptive way (Rees and Dale 1974) .
The correlation test showed no significant correlation between relative total, terminal and intercalary chiasmata as well as ring and rod bivalents with change in chromosome number (ploidy level) in Alopecurus species studied, indicating the presence of a control over the mean value of chiasmata/bivalent.
The Catabrosa species and varieties studied showed 2nϭ4xϭ20 chromosome number. The previous reports on C. aquatica by Love and Love (1981) and Lövkvist and Hultgård (1999) support our report, however Nazarova and Goukasian (1995) reported 2nϭ6xϭ30 for C. aquatica. The chromosome pairing and chiasma formation of this species is reported for the first time. Moreover, the chromosome number reported here for C. capusii is new to science.
Tetraploid and octaploid species of Alopecurus and Catabrosa studied formed mainly bivalents in metaphase of meiosis-I, which is considered a diplontic behavior for polyploid species. At present' we do not have any information about allotetraploid nature of these species and if this is the reason for such diplontic behavior. The other possibility is the presence of a controlling mechanism for chiasma formation as also reported in other grass genera like Aegilops, Avena and Festuca (Ladizinsky 1973 , Rajhathy and Thomas 1974 , Jauhar 1975 , Jauhar and Crane 1990 , Cuñado 1992 , Sheidai et al. 1999 , 2002 , 2003 , 2007 .
Grouping of the Alopecurus and Catabrosa species by different clustering methods based on relative cytogenetical characteristics produced similar results (Figs. 3, 4) . Almost a good separation is seen between Alopecurus and Catabrosa species (except for A. arundiceus), showing cytogenetic distinctness of these two grass genera. Moreover, in the Alopecurus cluster/group, the populations of A. myosuroides var. myosuroides show more similarity to each other, while inside Catabrosa cluster/group, the populations of C. aquatica show more similarity to each other. Therefore it seems that cytological data along with other taxonomic characteristics may be of use in the species delimitation in both genera of Alopecurus and Catabrosa. 
Meiotic abnormalities
Almost in all the species and populations studied, laggard chromosomes were observed during anaphase I and II and (Table 2, Fig. 1D ). The chromosomes stickiness also occurred from early stages of prophase to the final stages of meiosis in most of the species studied. The number of chromosomes involved in stickiness varied from two to many forming a complete clumping of the chromosomes (Fig. 1G) . The highest value of stickiness during metaphase-I occurred in Margoon population of C. capusii (34.80%), while the highest values for the same occurred in Chaloos population of A. myosuroides var. myosuroides (4.00%). c 2 test showed a significant difference for the percentage of chromosome stickiness and laggards among the species and populations studied, supporting the species genomic differences. Such a phenomenon has also been reported in Avena species (Baptista-Giacomelli et al. 2000 , Sheidai et al. 2003 . Genetic and environmental factors as well as genomic-environmental interaction have been considered as the reason for chromosome stickiness in different plant species (Nirmala and Rao 1996, Baptista-Giacomelli et al. 2000) .
The species studied showed pollen fertility of Ͼ80% (Table 2) correlation determined between pollen fertility and meiotic abnormalities showed negative significant correlation between the pollen fertility and anaphase-I laggards (pϽ0.05, Table 3 ). Therefore laggard chromosomes may be considered as one of the reasons for reduction in pollen fertility of the species studied. A significant positive correlation was observed among metaphase-I stickiness, anaphase-II laggards and micronuclei formation in dyad (pϽ0.05, Table 3 ). Micronuclei formation in tetrad was correlated with micronuclei formation in dyad (pϽ0.05, Table 3 ). The chromosome stickiness and micronuclei formation may play role in reducing the pollen fertility. However it has been suggested that infertility in polyploids is not solely due to the production of aneuploid gametes formed by improper segregation of chromosomes during anaphase/telophase stages, the genetic factors may also bring about pollen sterility as evidenced in tetraploid strains of rye (Hazarika and Rees 1967) and Avena sativa cultivars (Baptista-Giacomelli et al. 2000) .
Cytomixis
Chromatin/chromosome migration occurred in different directions from early prophase to telophase-II in most of the species and populations of Alopecurus and Catabrosa studied (Fig.  1H-J, Fig. 2E ). In some cases, one or few chromosomes were migrated in to the neighboring meiocyte leading to the formation of aneuploid cells (Fig. 1J, Fig. 2C, D) and the cells or pollen grains with extra chromosome (Fig. 2G, H) . In some of the meiocytes, syncyte formation and migration of the whole chromosomes led to the formation of the meiocytes having double the normal chromosome number (Fig. 2F) . Such unreduced meiocytes may result in the formation of unreduced (2n) pollen grains as observed in most of the species studied (discussed in the following paragraphs). Koul (1990) also reported the occurrence of cytomixis and aneuploidy production in A. arundinaceus. Migration of chromatin material or chromosomes among the adjacent meiocytes occurs through cytoplasmic connections and cytomictic channels as well as through cell wall dissolution (Falistocco et al. 1995) . Cytomixis is considered to be of less evolutionary importance, but it may lead to production of aneuploid plants with certain morphological characteristics or produce unreduced gametes as reported in several grass species including Dactylis (Falistocco et al. 1995) and Aegilops (Sheidai et al. 1999) . Unreduced gamete formation is of evolutionary importance leading to the production of plants with higher ploidy level.
Unreduced pollen grain formation
The occurrence of large pollen grains (possibly 2n pollen grains) was observed along with smaller (normal) pollen grains in most of the species and populations of Alopecurus and Catabrosa, which also showed the occurrence of cytomixis (Table 2 , Fig. 1I, K-M, Fig. 2I ). The large pollen grains comprised about 1-2% of pollen grains in the species studied.
The mean diameter of normal (reduced) pollen grains ranged from 17.00 to 26.00 mm in Alepecurus myosuroides var. breviaristatus and A. myosuroides var. myosuroides, while the size of potential unreduced (2n) pollen grains ranged from 30.00 to 47.00 mm. In A. textilis the mean diameter of reduced pollen grains was 28.00 mm while the size of potential 2n pollen grains was 60.00 mm.
In the species of Catabrosa aquatica and C. capusii, the mean diameter of normal (reduced) pollen grains ranged from 20.41 to 26.63 mm while, the size of potential unreduced pollen grains ranged from 30.15 to 39.70 mm. T-test analysis revealed a significant difference (pϽ0.01) for the size between the larger sized pollen grains and smaller sized pollen grains in all species and populations studied.
The presence of giant pollen grains has been used as an indication of the production of 2n pollen (Bertagnolle and Thomson 1995) . Unreduced gametes are known to produce individuals with higher ploidy level through a process known as sexual polyploidization, which has been considered as the major route to the formation of naturally occurring polyploids. Different cytological mechanisms are responsible for the production of 2n gametes (Bertagnolle and Thomson 1995) . Detailed cytological study of Alepecurus and Catabrosa species showed that the occurrence of cytomixis might be considered as the possible mechanisms of unreduced pollen grain formation. To our knowledge this is the first report on the occurrence of unreduced pollen grain formation in the genera Alepecurus and Catabrosa.
B-chromosomes
B-chromosomes (Bs) of 0-2 were observed in the species and populations of Alopecurus and in Margoon population of C. capusii (Table 2) . B-chromosomes were round in shape and did not pair with the A-chromosomes or among themselves (Fig. 1E, F, Fig. 2A, C) .
B-chromosomes are accessory chromosomes occurring in more than 1300 species of Plants and almost 500 species of animals (Camacho et al. 2000) . The B-chromosomes when present in high number affect negatively the growth and vigor of the plants; while in low number may benefit the plant possessing them. B-chromosomes may significantly change the chiasma frequency, thereby affecting the genetic changes of the gametes and the next generation as reported in several grass species including Festuca (Jauhar and Crane 1990) , Aegilops (Sheidai et al. 2002) , Avena (Sheidai et al. 2003 ). However we did not have many cells possessing B-chromosomes to analyse statistically the effect of B-chromosomes on chiasma frequency.
The presence of B-chromosomes has been reported in Alopecurus myosuroides (Parkash 1979 ) and A. pratensis (Sieber and Murray 1981b) , while, Lövkvist and Hultgård (1999) , reported the presence of B-chromosomes in Catabrosa aquatica. Therefore, the occurrence of B-chromosomes in A. myosuroides var. breviaristatus, A. myosuroides var. myosuroides, A. arundinaceus, A. textilis and C. capusii is new to science. 
